The behaviour of antioxidant in polymers differs markedly depending on the type of test used. The performance of antioxidants can be optimized on the basis of intrinsic activity, compatibility with the polymer and rate of loss from the polymer by volatilization. Molecular interactions in antioxidants and stabilizers have a profound effect on all these factors which may be influenced in opposite directions. Present trends in antioxidant and stabilizer technology are toward agents designated to meet specific requirements. The progress of recent studies on the mechanism of sulphide and phosphite antioxidants is reviewed.
INTRODUCTION
lndustrial companies spend many hundreds of thousands of pounds a year on the evaluation of new stabilizing systems f'or polymers. Much of this testing is carried out under conditions which bear little relation to practical performance and considerable doubt exists about the ability of accelerated tests to predict correctly the useful service Jife of the fabricated article. Three types of prediction test can be distinguished.
{a) Melt stability tests
The evaluation of polymer melt stability by the measurement of changes in melt viscosity has direct relevance to the performance of the polymer under processing conditions. The efl'ect of the stabilizer in this case is to extend the induction period to rapid viscosity change and this is normaJly carried out by monitaring changes in melt-flow index at intervals during the processing operation 1 or by continual measurement of polymer viscosity in a torque rheometer under oxidative conditions 2 . Assuming that this type of test is carried out under the same conditions of temperature, shear. and environment then results are directly relevant to engineering practice. Apart from noting at this stage that what happens to the polymer under these conditions determines the subsequent perf'ormance of polymer articles under service conditions 3 , this type of test is the most satisfactory predictor of performance of those normally used and will not be discussed further.
(b) Thermal stability of fabricated test pieces
The second type of test which is widely used as a predictor of long term performance involves high temperature evaluation of fabricated component performance. This is normally carried out by subjecting sheet or film to temperatures between 100° and 150°C in an oxygen or air stream4- 8 . This type of evaluation, which is used almost universally by polymer and stabilizer manufacturers is open to . the severe criticism that these conditions bear little relationship to those encountered in the normal service life of polymers. The exceptions to this are polymers Used in hot water systems or in engineering components where high temperature is one of the conditions of service. For ambient use, the amounts of antioxidant incorporated to stabilize the polymer in the melt are normally more than adequate to protect the polymer during ·service. The amount of antioxidant used to give polypropylene adequate processing stability at 200° can be calculated (assuming the Arrhenius relationship holds) to give the fabricated article a service life of between ten and twenty years if environmental degradation occurs simply as a result ofthermal reactions. In practice service behaviour is much more complex than this and factors other than thermal oxidation become dominating. In p]astics by far the most important of these is u.v. light.
( c) The u. v. and simulated weathering stability of fabricated test pieces
The u.v. exposure cabinet test is much morerelevant to the service life of the polymer than is the high temperature thermal stability test, assuming an u.v. source has been selected to provide a similar spectral distribution to that of sunlight. Accelerated u.v. testing also has the advantage that it can be correlated directly with outdoor exposure. Moreover, lifetime extrapolation can be made directly to service conditions based on previous experience of the u.v. source. Since other speakers at this conference will be discussing u.v. stabilization, this type of technique will not be discussed further in this lecture.
AN'fiOXIDANT ENVIRONMENT IN THE POLYMER
In spite of the practicallack of rele.vance of the thermal stability test (b) as a direct predictor of service life for most applications, it is still widely used in industry. Recent work has thrown a good deal of light on the factors which determine stabilizer activity under practical conditions. It has been known for some time as a result of experience in rubber and more recently polypropylene that a factor of major importance in determining antioxidant activity is the molecular weight of the antioxidant
•
The work of Gordon 10 is particularly illuminating in this connectio.n, since he has shown that the way in which an antioxidant is tested determines its relative effectiveness in relation to other antioxidants. Table 1 shows that antioxidants rate in etiectiveness in ditlerent orders depending on the sample thiekness in an -e-ven test at 125°C.
First of all, it should be noted that all antioxidants become apparently more etlective as the sample thickness is increased but that some (e.g. antioxidants A and D) show this etiect much more markedly than others (e.g. antioxidant I). Here again all antioxidants decrease in effectiveness with increasing temperature but some (e.g. antioxidants A and D) are much more susceptible to temperature increase than are others (e.g. antioxidant I) and their relative ratings as the temperature is increased are quite ditlerent. 1t is clear then that factors other than inherent antioxidant etliciency are playing apart and the obvious inference to be drawn from Tab/es 1 and 2 is that antioxidants A and D are relatively volatile antioxidants whereas antioxidantI is relatively involatile.
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We have carried out a more systematic study of the effect of antioxidant molecular weight and volatility in two series of antioxidants. each of which contained the same antioxidant function ( Table 3) Members of both these series give a slightly decreasing antioxidant activity on a molar basis when measured in a sealed system by oxygen absorption. Behaviour in polypropylenein a sealed system is rather different in that there is maximum effectiveness with the 1aury1 ester in the case of the phenols (see Figure 1) . There is an interesting inverse correlation with melting point suggesting that under these conditions compatibility with the polymer is playing a role in antioxidant effectiveness. 
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It can be seen (see Table 3 ) that the sulphur series is very much more effective than the phenol series. It has been suggested earlier 12 · 13 that sulphur dioxide, which is known to be formed from the thiodipropionate esters by reaction with hydroperoxides and which is a very efficient catalyst for hydroperoxide decomposition 14 , is one of the compounds which contribute to the powerful antioxidant activity of this dass of antioxidant. Some weight is given to this by the finding that in a closed system and at the same molar concentration, sulphur dioxide is about as etrective as the thiodipropionates. However, other lower molecular weight species derived from the thiodipropionate esters by oxidation are also formed which effect the same acid-catalysed process 15 . Oxygen absorption tests give valuable information about inherent antioxidant activity but predict little of practical value about behaviour under service conditions. In addition results from the plaque oven ageing test referred to earlier are notoriously irreproducible. The reasons for this are associated with the ditTiculty in assuring that each sample is identical with respect to dimensions, prior heat treatment, antioxidant dispersion. etc. and an accuracy better than ±50 per cent is not normally possible. 
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Glass/Polymer ---i + t braid ------Release arm and pointer In our own work considerable attention was paid to these factors. The technique used was a modification ofthat used by Lewis and Gillham 16 • 17 for following crosslinking reactions in polymers. The test piece was a glasspolymer braid~ whose torsional period was measured (see Figure 2 ) at intervals on ageing in a single-cell oven at temperatures between 100°C and 140°C with a constant tlow of oxygen past the sample (28.3 1./h). Particular care was taken that the samples were reproducible. Unstabilized polypropylene was used in all experiments and stabilizers were incorporated at concentrations between 2 x 10-4 and 2 x 10-2 mol/100 g by solvent application and evaporation. This technique was found to give more reproducible results than ball-milling of the antioxidant and polypropylene powder. The polypropylene was applied to the glass (which was carefu1ly heat treated at 400oC for two hours to remove the size) by wetting the glass with distilled water and drawing through the powder. Fusion was carried out in the complete absence of oxygen by heating to 200°C in nitrogen after first displacing air from the polypropylene powder 11 . After one fusion cycle. the melting point of the polymer was found tobe constant indicating satisfactory antioxidant dispersion.
Ageing time) h Figure 3 . Typical polypropylene torsion braid decay curves at 10ovc: -V-dilauryl thiodipropionate; --8-lauryl-ß-(3,5-di-tert-butyl-4-hydroxy phenyl)-propionate. Antioxidant concentration 2 x 10-* moles/100 g polymer.
The polymer-glass braids produced by the above procedure were found to be remarkably consistent. The polypropylene content of the braids was 52 ± 2 per cent and the radius 0.3 ± 0.03 mm. It was found that the end of 272 the induction period, as indicated by a rapid increase in the torsional period of the braid, was consistent to ± 10 per cent (see Figure 3) and although the initial modulus of the braids varied, this did not seem to aflect the accuracy of the result.
As anticipated, under the conditions outlined involving high surface area to volume ratio and continual change in atmosphere, the effectiveness of antioxidants in the same homologaus series varied markedly with molecular weight. The results obtained at lOOoc at two molar concentrations are shown in Table 4 . A simple volatility cell was used to measure the relative volati1ity of antioxidants at various temperatures in an atmosphere of nitrogen to eliminate the possibility of antioxidant destruction by oxygen. A plot of log IP against the reciprocal of the volatility (1/V) showed (see Figure 4 ) that the two series of antioxidants diftered very considerably in their etliciency j volatility relationship: the phenol series is very much more effective than the sulphides as volatility is reduced. The reason for this is almost certainly associated with the fact that in performing an antioxidant function. thiodipropionate esters break down to lower molecular weight fragments which will be more readily lost from the polymer (see later). The results also explain why the higher molecular weight antioxidants discussed above are so much more effective than dilauryl thiodipropionate and do not show very marked synergism with it under high temperature test conditions 18 . There appears to be a superimposed factor which introduces a limit to the effectiveness/inverse volatility relationship. Figure 4 shows that the pentaerythritol-based antioxidant containing the same functional group is less effective on a molar basis than might have been expected on the basis of its 1/V value. This appears to be associated with compatibilityjmobility factors in the polymer. The melting point of this antioxidant ( 120uC) is ..c:.
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1/Volalility Effect of sidechain length on the effectiveness of isofunctional antioxidants at 100°C by torsion braid.
considerably higher than those of the others studied implying limited compatibility in the polymer. DTA studies have shown that unlike the other propionic ester-based phenols, this antioxidant has almost no effect on the melting point of the polymer, contirming its incompatibility. The importance of factors other than molecular weight has been observed in a similar study of increasing molecular weight in the series 19 where n = 0 to 3 These antioxidants were compared on a molar basis (i.e. mole/100 g polymer of functional group) in the three tests discussed, namely decalin in oxygen absorption at 140°C, polypropylene in oxygen absorption at 140oC and polypropylene by torsional braid at 140°C. Figure 5 shows a pronounced alternation with the value of n but the alternation is in opposite directions depending on the type of test used. In oxygen absorption in decalin there is a genera1 trend toward decreased activity with increasing mo]ecu]ar weight, but antioxidants having n = 0 or 2 are more etTective than those having n = 1 or 3. In the torsion braid test there is a general increase in effectiveness but n = 0 or 2 are less effective than n = 1 or 3. In the oxygen absorption test in the polymer there is a more marked decrease in activity with n = 0 or 2 being less etfective than n = 1 or 3. It seems likely that the alternating effects are all associated with intra-and inter-molecular associations. Intramolecular hydrogen bonds seem to increase the inherent antioxidant activity but this is associated with a decrease in intermolecular hydrogen bonding and hence increase in volatility. The overall eftect is to reduce the eftectiveness of the antioxidant in the torsion braid test. Interna} hydrogen bondingalso increases the melting point and hence decreases compatibility so that n = 0 or 2 have higher melting points (see Table 5 ) and hence lower compatibilities than n = 1 or 3.
It is constructive to compare the position of a commercia1 bisphenoL Antioxidant 2246 in these three tests. Its intrinsic antioxidant activity and compatibility are good and it performs we11 in both the closed system tests. lt is traditionally noted für its good performance in the 'oxygen bomb' test which is of this type. In the torsion braid test it is singularly inetlective, underlining the fact that volatility can dominate other factors in practical conditions. 
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Summarizing then, three factors appear to be important in determining antioxidant activity and any of these might have a dominating intluence depending on conditions of test. These are: (a) Intrinsic antioxidant activity, which is intluenced primarily by the structure of the molecule, including factors such as intramolecular interactions. (b) Compatibility/mobility ofthe antioxidant which will again be determined by intra-and inter-molecular interactions in the molecule but generally in the opposite direction to the above. (c) Volatility of the antioxidant which wil1 be determined by molecular weight and molecular interaction in the polymer. Although testing of the last factor has been largely carried out at lOO"C and above, the results appear relevant to service performance since volatility I temperature plots appear to be linear and generally paral1el (see Figure 6 ). 1t seems likely therefore that in fabricated artides with a large surface area to volume ratio, persistence of antioxidants and stabilizers will be considerably more relevant to service performance than intrinsic antioxidant activity. Careful consideration must therefore be given to selecting the type of test which is most relevant to service performance.
DESIGN OF ANTIOXIDANTS FOR HIGH TEMPERATURE, HIGH SURFACE AREA PERFORMANCE
The future of antioxidants for this type of application lies therefore in the direction of increasing the retention of the antioxidant in the polymer. Interesting results have been reported by Phillips, Thomas and Wright 20 for high temperature rubbers. By building a conventional antioxidant structure into a polymer chain, for example by reacting hydroquinone with p-phenylenediamine. an involatile antioxidant (I) was obtained which was much (I) more effective in EPDM and Viton rubbers at 150° and 250oC respectively than the conventional arylamine antioxidants normally used for high temperature applications.
The etl"ect of molecular weight on rubber antioxidant performance has also been reported by Monsanto 21 who have found that increasing the size of the N -alkyl group (R) in the p-phenylenediamine antioxidants (II) considerably increases their antioxidant activity under practical conditions where extraction by water may be of importance. 
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Santotlex 13 (lt R = 1,3-dimethylbutyl) is much 1ess effective after immersion in water. Figure 8 shows that this is due to more rapid extraction of the ]ower mo]ecu]ar weight antioxidant from the polymer. An interesting approach to this sameproblern has been the development of rubbers with antioxidants chemically attached to the polymer chain. By reacting nitroso-containing antioxidants (e.g. diethylaminonitrosoaniline, DENA) with rubbers (a moditication of the reaction involved in the cross1inking of rubber by dinitrosobenzene), Cain and his co-workers 22 have found that the antioxidant can no Ionger be removed from the rubber by extraction with waterat 100°C. Here again, although the isopropy1 compound (IL R = isopropyl) is more effective initia11y, the polymer-baund antioxidant persists in the rubber and is much more effective under conditions of extraction.
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NEW DEVELOPMENTS IN ANTIOXIDANT MECHANISMS
lt seems likely that apart from the type of development discussed above. the future of antioxidants acting by the kinetic chain-breaking mechanism is somewhat limited 23 . This is primarily because the 2~6-d~-tert-butyl pheno] structure probably combines the best ba]ance of properties for radica] capture. Few improved commercia] phenolic antioxidants have emerged in recent years and it seems 1ike1y that the future lies in the direction of further developments of synergistic systems involving phenols particularly for environmental stabilization. This wi11 be increasingly important as bu1k polymers are increasingly accepted in the building and autornative industries. In this connection the peroxide decomposers playadual role since not only do they stabilize polymers during fabrication operations but they also act as powerful u.v. stabilizers due to their ability to remove the hydroperoxides on which u.v. light acts to produce a powerful photo-initiation of autoxidation3.
Two main types of peroxide decomposer have achieved industrial importance in synergistic systems. The first is the sulphur-containing stabilizers of which the thiodipropionate esters (DL TP) (111), the zinc dialkyldithiocarbamates (IV) and a variety of thiols (V and VI) and related disulphides (VII) have become important particularly in thermal stabilization of polypropylene 13 .
The second is the phosphite esters (VIII) (ROhP where R = alkyl, aryl and cycloaryl (VIII) which are again effective as melt stabilizers particularly in combination with phenolic antioxidants with which they show pronounced concentration ratio optima 24 as do the sulphur compounds 9 . It is of some interest that the peroxide decomposers which act as u.v. stabilizers react with hydroperoxides even at ambient temperatures. This is particularly true of the meta] dia1ky1 dithiocarbamates and dithiophosphates which rapidly evo]ve sulphur dioxide and catalytica11y destroy hydroperoxides at room temperature 14 , and the trialky1 phosphites which are equa11y effective at 25oC 25 but act stoichiometrica11y not catalytica11y. The action of the catechol phosphite esters is remarkably similar in many ways to the behaviour of the sulphur-containing peroxide decomposers 26 . Both appear to act by producing powerfu] Lewis acid catalysts for the decomposition of hydroperoxides. This is shown for the catecho1 phosphites in Figure 9 . And both appear to invo]ve, in the early stages of the autoxidation 281 process, an initial radical generating reaction in the presence of hydroperoxide which gives rise to pro-oxidant effects (see Figure 10 ). Pobedimskii and his co-workers 27 have postulated on the basis of e.s.r. evidence the
0.
"0 (1) ..0 and a similar reaction with sulphide leading to sulphßxide and alcohol.
Pobedimskii n suggests that a small proportion of the radicals escape from the cage. Humphris and Scott 26 have found considerable support for this mechanism with the catechol phosphite ester (IX) since changing from a 282 non-polar to a polar solvent, such as nitrobenzene, changes the nature of the products of cumene hydroperoxide decomposition from those which would be expected on the basis of a radical reaction (et-methylstyrene and acetophenone) to those expected on the basis of a Lewis acid catalysed reaction (phenol and cumene). The Lewis acid is formed in a step subsequent to the above reaction. Evidence has been obtained for the participation of free radicals in the reaction between catecho] phosphite esters and hydroperoxides not only in observation of pro-oxidant effects but also in enhanced rate of initiation of styrene by this system (Figure 11 ). 
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The evidence for Pobedimskii's mechanism is much less unequivocal for the sulphides since in this case, the derived sulphoxide has also been found to be a powerful pro-oxidant with hydroperoxide 12 . This system has been studied in some detail and it has been found that dimethylsulphinyldipropionate breaksdown in a first order reaction to give methyl acrylate. This reaction is reversible particularly in polar solvents (see Table 7 ) and the products are the expected thiolsulphonates with the formation of the theoretical amount of water and disproportionation products. In the presence ofthe stable free radical galvinoxyl no water is formed and the product is the thiolsulphonate which is more stable than the thiolsulphinate. The first order rate constant for the disappearance of galvinoxyl in carbon tetrachloride measured in an e.s.r. spectrometer is in good accord with that for methylacrylate formation (Table 8) considering the reversible The sulphoxide appears to be an effective retarder for styrene polymerization when initiated by AZBN or purely thermally (see Figure 12 ). This is almost certainly due to the ability ofthe sulphenic acid to transfer a hydrogen to a growing polymer radical in competition with the chain propagation step. I t acts both as a retarder and as an · activator in the hydroperoxideinitiated polymerization of styrene (see Figure 13 ) and which process super- Confirmation for the reaction of sulphenic acid, formed by 5-centre elimination from sulphoxide, has been found in that in a solvent such as dioxane in which the dissociation is reversible, good tirst order kinetics for methy1acry1ate formation are obtained in the presence of ga1vinoxy1. styrene 286 and hydroperoxide, all of which react rapidly with the sulphenic acid. As might be expected, the tirst order rate constants are substantia11y the same (see Fiqure 14) . Similar behaviour has been observed in autoxidation. In cantrast to the tindings ofprevious workers on the behaviour of sulphoxides in autoxidation. dimethylsulphinyl dipropionate is an effective inhibitor for the AZBNinitiated autoxidation of cumene (Figure 15 ). In the presence of hydroperoxide, however, a much less unequivocal result is found. At high hydroperoxide to sulphoxide ratios, a strong inhibition is found (see Figure 16 ). This must be due to a combination of chain-interruptive and peroxidedecomposing mechanisms working tagether since it has also been shown that the hydroperoxide concentration is rapidly reduced to zero under these conditions 14 . As the amount of sulphoxide is increased in the system, however, radicals are produced as described above and pro-oxidant etTects are observed. This gave a satisfactory explanation tor the fact tha,t there is a concentration optimum for a thiodipropionate ester acting as a stabilizer in the processing of polypropylene 1 . It also explains why phenolic antioxidants appear to reduce an initial melt degradation which occurs with most sulphur compounds in technological media most sulphur-vulcanized rubbers is due to the formation and breakdown of sulphoxides to give redox active sulphenic acids. Further work is in progress to establish this. 
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